Abstract The elevated concentration of arsenic (As) in the groundwaters of many countries worldwide has received much attention during recent decades. This article presents an overview of the natural geochemical processes that mobilize As from aquifer sediments into groundwater and provides a concise description of the distribution of As in different global groundwater systems, with an emphasis on the highly vulnerable regions of Southeast Asia, the USA, Latin America, and Europe. Natural biogeochemical processes and anthropogenic activities may lead to the contamination of groundwaters by increased As concentrations. The primary source of As in groundwater is predominantly natural (geogenic) and mobilized through complex biogeochemical interactions within various aquifer solids and water. Sulfide minerals such as arsenopyrite and As-substituted pyrite, as well as other sulfide minerals, are susceptible to oxidation in the near-surface environment and quantitatively release significant quantities of As in the sediments. The geochemistry of As generally is a function of its multiple oxidation states, speciation, and redox transformation. The reductive dissolution of As-bearing Fe(III) oxides and sulfide oxidation are the most common and significant geochemical triggers that release As from aquifer sediments into groundwaters. The mobilization of As in groundwater is controlled by adsorption onto metal oxyhydroxides and clay minerals. According to recent estimates, more than 130 million people worldwide potentially are exposed to As in drinking water at levels above the World Health Organization's (WHO's) guideline value of 10 μg/L. Hence, community education to strengthen public awareness, the involvement and capacity building of local stakeholders in targeting As-safe aquifers, and direct action and implementation of best practices in identifying safe groundwater sources for the installation of safe drinking water wells through action and enforcement by local governments and international water sector professionals are urgent necessities for sustainable As mitigation on a global scale.
enter air, water, and surface environments through wind-blown dust and runoff [1] [2] [3] . The primary source of As is natural, derived mainly from the interactions between groundwater and aquifer sediments and hard rocks of minerals, particularly pyrite (FeS 2 ), arsenopyrite (FeAsS), and other unspecified sulfide minerals [4] [5] [6] , as well as secondary As-bearing minerals or mineral coatings, whereas industrial uses, agricultural activities, coal and oil exploitation and combustion, and mining of metal ores are anthropogenic sources that release As into groundwaters [7, 8] .
As a result of such naturally occurring As and human-induced As concentrations, many groundwater systems greatly exceed the safe As guideline value of 10 μg/L recommended by the World Health Organization (WHO) [6, [9] [10] [11] [12] [13] . Thus, the elevated As concentration in groundwaters throughout the world has received much attention recently as a serious threat to public health as well as for agricultural activities [14] [15] [16] .
More than 97 % of global freshwater belongs to the groundwater resources that are the main source of drinking water in many parts of the world because of its natural supply stability and good microbial quality [4, 17] . The natural release of As from river sediments under strong reducing conditions may produce elevated As levels in groundwaters [18, 19] . The naturally occurring As from geochemical processes in sedimentary aquifers has the greatest effect on the largest geographic areas. In regions where groundwater is used for drinking, many people are exposed to As contamination; the As found in the sedimentary aquifers of the Bengal Delta Plain in Bangladesh and neighboring West Bengal, India, is a good example of this type of contamination [20] [21] [22] .
Naturally occurring As at exceptional concentrations has been found in potable groundwater systems of many countries, including Argentina, Chile, Mexico, China, Hungary, West Bengal (India), Bangladesh, Vietnam, and the USA. Arsenic pollution of groundwater and its deleterious effects and risks on human health have been reported in many countries [16, [23] [24] [25] [26] [27] [28] [29] [30] . Large-scale contamination by natural As frequently appears in the groundwaters of the Bengal Basin, which are the source of drinking water for more than 40 million people [21, 26, [31] [32] [33] . Moreover, more than 10 million residents of Southeast Asia are estimated to be at risk from drinking Ascontaminated groundwaters [17, 34] . Although As has not yet been observed to exist in Thailand groundwater systems, metal mining activities have resulted in significant As contamination in the surrounding environment. Analyses of surface and groundwaters in Thailand found that the concentrations of dissolved As exceed the safe threshold for human health by up to a factor of 500 [35, 36] . These high As concentrations in groundwaters pose significant risks to human health, including cancers of the skin and internal organs [15, 16, 24, 28] .
A variety of natural geochemical processes play a vital role in the release, transport, and distribution of As in groundwater. The mobilization of As from the solid and/or semisolid phases to the aqueous phase is controlled by several geochemical processes, including interfacial reactions such as adsorption/ desorption, ion exchange, dissolution, and oxidation/ reduction [5, 11, 37] . The release of As from iron oxide deposited in aquifer sediments is thought to be the most common cause of As-rich groundwaters. Iron oxide associated with felsic volcanic rocks and alkaline aquifers has been identified as a key source of As being released into the alkaline groundwater of the western USA [38, 39] . Sulfide minerals also may act as a source of as well as a sink for As [40] . The mobility and transformation of As in groundwaters are controlled in large part by adsorption onto metal oxyhydroxides and clay minerals, depending on the interrelationships among the properties of the solid surface, pH, concentration of As and competing ions, and As speciation [10] .
The main goal of this review is to provide a concise description of important naturally occurring geochemical processes involved in the mobilization and distribution of As throughout global groundwater systems. The article also provides an overview of inorganic As with an emphasis on (1) natural geochemical processes, (2) release and transport mechanisms, and (3) global distribution.
Occurrence of Arsenic in Nature
Arsenic commonly occurs in nature: in air, soil, water, rocks, plants, and animals. Natural activities such as weathering, volcanic eruption, rock erosion, and forest fires may release As into the environment. Weathering is the main naturally occurring process through which arsenic sulfides present in ores are converted into a highly mobile form of As [As(V)], which may enter the As cycle directly as a dust or via dissolution in rain, water reservoirs, or groundwater [6, 41] . As(III) also may move widely among plants and animals through the food chain. This widespread distribution of As throughout the earth's crust, soil, sediments, water, air, and living organisms leads to serious adverse effects on the environment. The occurrence of As in certain mineral phases, soil, and water systems is linked directly to the wide variety of As(III) and As(V) species in groundwaters.
Occurrence of Arsenic in Minerals
Generally, As is a ubiquitous element in the earth's crust, found in igneous and sedimentary rocks at an average concentration of 2 to 3 mg/kg, whereas it is present in higher levels in finer-grained argillaceous sediments, phosphorites, and reduced marine sediments [18, 41, 42] . Although As occurs in a variety of natural reservoirs, such as oceans, rocks, the atmosphere, biota, and soils, more than 99 % of As is associated with rocks and minerals [42] . It is estimated that more than 200 minerals are rich in As, 60 % as arsenates, 20 % as sulfides and sulfosalts, and the remaining 20 % as arsenides, arsenites, oxides, silicates, and elemental As. Arsenic may be coprecipitated with iron hydroxides [Fe(OH) 3 ] and sulfides in sedimentary rocks. Iron deposits, sedimentary iron ores, and manganese nodules are considered As-rich minerals [41] . Important minerals are rich in As, including arsenolite (As 2 O 3 ), olivenite (Cu 2 OHAsO 4 ), cobaltite (CoAsS), proustite (Ag 3 AsS 3 ), enargite (Cu 3 AsS 4 ), orpiment (As 2 S 3 ), realgar (As 4 S 4 ), and tennantite (Cu 6 [Cu 4 (Fe,Zn) 2 ]As 4 S 13 ), and FeAsS is the most abundant As-bearing mineral species found in nature [31, 43] .
Occurrence of Arsenic in Soil
The potential risk of surface and groundwater contamination by As is associated mainly with the amounts of As present in soils, because As is more highly concentrated in soils than rock [8, 33, 44] . Arsenic may be found in soil as inorganic species as well as binding to organic compounds; however, it exists predominantly as inorganic species in soil. Inorganic As compounds may undergo methylation by microorganisms, producing, under oxidizing conditions, monomethylarsonic acid, dimethylarsinic acid, and trimethylarsine oxide [2, 45, 46] . Principle factors affecting the level of As in soils include the parent rock, climate, organic and inorganic components of the soil, and redox potential status [41, 47] . Arsenate [As(V)] is the most stable form of As in soil under oxidizing conditions, and it can adsorb strongly into clays, iron and manganese oxides/hydroxides, and organic matters found in soil; however, in the presence of reducing conditions, As(III) is dominant. Arsenates of Fe and Al (AlAsO 4 and FeAsO 4 ) are the dominant phases in acid soils and are less soluble than calcium arsenate (Ca 3 AsO 4 ), which is the main chemical form in alkaline and calcareous soils [41, 48] . Permissible levels of As in soils for many countries range from 0.1 to 40 mg/kg, with an average concentration of 3 to 4 mg/kg, and uncontaminated soils usually contain As at a level of 1 to 40 mg/kg [48] . However, alluvial and organic soils show much higher As concentrations, exceeding the recommended levels [41, 49] . The sorption of As in soils is influenced mainly by the bioavailability and subsequent mobility of As in soils, and the presence of inorganic PO 4 3− , Ca 2+ , and Na + in different types of soil, including Oxisol, Vertisol, and Alfisol, has a significant impact on the sorption of As(III) and As(V) [49] [50] [51] .
Occurrence of Arsenic in Water
The occurrence of As in natural water bodies has received significant attention in recent decades. In natural waters, As may be found in low concentrations. The maximum permissible concentration of As in drinking water, which is still in force in a few countries, is 50 μg/L, and the regulatory value generally is 10 μg/L, corresponding to the WHO guidelines. In aqueous environments, inorganic As species, including As(III) and As(V), also are the most abundant species. The mobility of these species is controlled by pH, redox potential, dissolved organic matter, and the presence of adsorbents such as oxides and hydroxides of Fe(III), Al(III), Mn(III/IV), humic substances, and clay minerals [45, 52] . The presence of carbonate and bicarbonate ions in aquifer sediments directly results in a change in pH [53] . Carbonate ions can form complexes on the surface sites of iron hydroxide and substitute As from the surface of minerals and sediments, thereby releasing As into groundwater [51, 54] . The aquifers associated with As usually are linked to the input of dissolved organic matter, which also can greatly facilitate the release of As from soils and sediments to groundwaters [50, 55] . In marine ecosystems, complex organic As compounds, such as tetramethylarsonium salts, arsenocholine, arsenobetaine, dimethyl(ribosyl)arsine oxides, and As-containing lipids, have been identified. It is estimated that seawater typically contains 1 to 8 μg/L of As [2] . Only a very limited amount of the total As present in the oceans remains in solution, because a large portion of dissolved As can be adsorbed onto suspended particulate materials [41, 56] .
Arsenic also may exist naturally in geothermal systems and springs as a result of the mobilization of As from rocks and mineral phases, and As-contaminated geothermal systems and springs are recognized in many areas around the world (Table 1) [3, 8, 10, 91] . The mobilization of As from rocks into geothermal fluids takes place mainly through active tectonic plate boundaries [91] . Arsenic from major geothermal reservoirs and related geothermal manifestations, such as hot springs, fumaroles, and solfataras, may directly enter cold aquifers, the vadose zone, and surface waters [8, 10] . Many volcanoes, hot springs, fumaroles, and geothermal wells may be found in the Pacific region of Latin America, and these geothermal systems are widely contaminated by As at elevated concentrations [91] . The concentration of As in the Los Humeros geothermal field in Mexico is reported to be as high as 73.6 mg/L, and the attenuation of As in the ground surface may occur via sorption and coprecipitation with iron minerals and organic matter present in sediments [91] . In deeper geothermal reservoirs, As is released predominantly from Asbearing FeS 2 at temperatures in the range of 150 to 250°C and from FeAsS at higher temperatures [10] .
Natural Geochemical Processes of Arsenic
The presence of naturally occurring As in shallow reducing aquifer sediments has become a major environmental issue for millions of people worldwide because of the use of Ascontaminated groundwater for drinking as well as for irrigation activities. The contamination of groundwater by naturally occurring As is much more serious; therefore, it is urgently necessary to understand and investigate the major geochemical pathways involved in the transformation and mobilization of As in aquifer sediments. The geochemistry of As is a complex phenomenon found in the environment, and it generally is a function of multiple oxidation states, speciation, and redox transformation.
Speciation of Arsenic
Eh-pH diagrams (also known as Pourbaix diagrams) conventionally are used to represent and describe the speciation of As and its environmentally significant geochemical processes [5, 46] . Figure 1 shows the Eh-pH diagram of aqueous As species in water at 25°C. Arsenic may exist with valence states of −3, 0, +3, and +5; however, the −3 and 0 valence states occur only rarely in nature [92] . Arsenic chemistry predominantly focuses on As(V) or As(III), depending on redox potential and pH in groundwaters [93] . Both As(III) and As(V) may form protonated oxyanions in aqueous solutions [92] . (Fig. 1) [5, 92, 94] . In the pH range of 4 to 10, As(V) species is negatively charged in water, whereas the predominant As(III) species is neutral in charge because of redox potential and the presence of complexing ions such as sulfur, iron, and calcium and microbial activity [95] . However, fully dissociated As(V) is found rarely, because very few water systems reach a pH greater than 11.5 [96] . Arsenic in its native form is rare in the environment. In reducing environments, completely protonated arsenite species becomes more predominant over a wide range of pHs without being ionized; hence, arsenite cannot adsorb as strongly as arsenate species [6] .
Mobilization and Redox Transformation of Arsenic
Natural geochemical and biologic processes play a vital role in controlling the mobilization and transformation of As in the surface and subsurface environment [8, 37, 40] . In groundwater, mobilization of As takes place in the range of pH 6.5 to 8.5 under both oxidizing and reducing conditions [17] . Both abiotic and biotic processes favor the natural redox transformation and mobilization of As in humid as well as arid environments. Figure 2 illustrates the process of mobilization and redox transformation of As in aquifer sediments. 
Redox Transformation of Arsenic
Under reducing conditions in natural environments, deltaic and alluvial sediments usually are associated with the mobilization of As [17, 93] . Aquifer sediments, along with a layer of clay or silt, may act as a cap, which effectively restricts the penetration of atmospheric oxygen to the aquifers, thereby creating an anaerobic environment. Highly reducing conditions (anaerobic) also may be developed in the presence of natural organic matter deposited with sediments. These highly reducing conditions facilitate the release of As adsorbed on amorphous Fe oxides commonly occurring in the aquifer sediments. Reductive dissolution of As-bearing amorphous Fe(III) oxides plays a key role in the mobilization of As from aquifer sediments to groundwaters. Dissolved organic carbon (DOC) deposited in sediments and anaerobic metal-reducing bacteria such as Shewanella algae, Shewanella oneidensis, and Geobacter metallireducens also may play a vital role in As mobilization [38, 97] . The existence of As in groundwaters to a large extent depends on several factors, including areal and vertical distributions of peat deposits, the degradation of which is the major redox controller; the redox driver in the groundwater system; groundwater movement; pH; HCO 3 − ; Fe, Mn, and Al oxides; and DOC concentrations of sediments [17] . Therefore, it is clear that reducing reactions under anaerobic conditions in aquifer sediments undoubtedly may result in As concentrations in groundwaters as high as several hundred micrograms per liter [98] .
Oxidation of Arsenite
The form of As(III) is thermodynamically unstable in aerobic conditions; hence, it oxidizes easily to the less mobile form of As(V). However, this reaction is a slow process, when oxygen becomes the only oxidant. The presence of some other redoxsensitive species, such as ferric iron [Fe(III)], manganese oxides (MnO 2 ), clay minerals, and some microorganisms, can intensively increase the rate of As(III) oxidation converting into the less toxic As(V) form. These oxidation reactions are highly favorable in arid and semiarid areas as a result of extensive mineral reactions and evaporation. In the presence of Fe(III) in aqueous solutions, the rate of As(III) oxidation is accelerated below pH 7. Manganese oxides commonly associated with aquifer solids have been recognized as an important oxidant to oxidize As(III) to As(V), and this reaction is thermodynamically feasible over a wide range of pH values [99] . Reactions of As(III) and As(V) with synthetic birnessite (MnO 2 ) have been studied in which As(III) is oxidized by MnO 2 , followed by the adsorption of the As(V) reaction product on the MnO 2 solid phase [100] . Clay minerals also can oxidize As(III). Three types of clay minerals have been used successfully to oxidize As(III), suggesting that the oxidation and adsorption of produced As(V) occur on the surface of clay minerals [101] . Moreover, the oxidation of trivalent As is found to be catalyzed by some microorganisms, including Pseudomonas arsenitoxidans, Alcaligenes faecalis, Cenibacterium arsenoxidans, Thermus sp., Thermus thermophilus, and Agrobacterium tumefaciens, using oxygen as the terminal electron acceptor [31, 94, 102, 103] . Bacteria species attached to submerged macrophytes in a stream near geothermal sources are reported to be capable of mediating the rapid oxidation of As(III) [104] , and the oxidation reaction may be expressed as follows [95] :
Mechanisms of Arsenic Release to Groundwater
The As release mechanisms in aquifer rock or sediment obviously are linked to the extent of As contamination in groundwater systems. Public health risks usually are associated with the consumption of ground and surface water with As concentrations above WHO standard levels (As >10 μg/L). In general, the average concentration of As in the continental crust is substantially low, and its concentration varies between 1 and 2 mg/kg [105] ; consequently, only low levels are expected in groundwater. However, under critical geochemical environments, processes including adsorption/desorption, oxidation/ reduction, and oxidation of As-bearing sulfide minerals may release high concentrations of As in groundwater [8, 18] . Hence, it is these geochemical triggers, more than the As content in aquifer media, that create the risk of drinking water contamination with elevated concentrations of As. Four major natural geochemical processes initiate the natural release of As from aquifer materials into groundwater: (i) reductive dissolution, (ii) alkali desorption, (iii) sulfide oxidation, and (iv) geothermal processes (Fig. 3 ). Arsenic release processes may occur in a variety of geochemical environments; however, the most serious As occurrences are located in the young alluvial basins adjacent to active mountain belts. Therefore, many people living in or near these areas have been greatly affected by As-contaminated groundwaters [106] . All these processes, except sulfide oxidation, are virtually independent from human-induced activities in the subsurface environment. However, the pumping of groundwater, particularly by using deep tube wells, leads to widespread distribution of dissolved As in the subsurface [107] . The reductive dissolution of As-bearing Fe(III) oxides and sulfide oxidation in aquifer sediments are thought to be the most significant geochemical triggers that release As into groundwaters to a large extent [50] . 
Reductive Dissolution of Iron Oxide
Iron hydroxides Fe(OH) 3 are one of the most common phases associated with aquifer sediments. The desorption mechanisms of As from Fe(OH) 3 are directly responsible for the existing high concentrations of mobile As(III) in groundwaters [40, 106, 108] . Biologically mediated reactions in the presence of organic carbon generated from sedimentary organic matter and anthropogenic organic compounds are capable of releasing As from Fe(OH) 3 , a process referred to as dissimilatory iron reduction [37] . The dissimilatory ironreducing bacterium S. algae promotes As(V) release from the crystalline mineral scorodite (FeAsO 4 ·2H 2 O) via dissimilatory reduction of Fe(III) to Fe(II).
The primary mechanism for As release from soil and sediments is the competition between As and organic anions present at sorption sites, whereas redox reactions likely play a minor role [50] . In aqueous medium, the reaction of Fe(OH) 3 is stimulatory, depending on the pH; at high pH values, desorption processes become stronger, leading to high levels of As in groundwaters [37] . Sulfidization of ferrihydrite [Fe(III)OAs(OH) 2 ] is the major process by which As mobilization takes place via reductive dissolution [109] . Sulfides, particularly H 2 S, accumulated in sediments can reductively dissolve As from Fe(III)OAs(OH) 2 , releasing As(III) and thereby increasing the dissolved As concentration in groundwaters [71] . High concentrations of aqueous Fe(II) and the presence of more ordered phases, such as hematite, may result in chemical conditions in which sulfate reduction is thermodynamically favorable. Moreover, sulfide may be transported or diffused from zones of sulfate reduction into Fe(OH) 3 -rich environments (Reaction 2). Hence, As bound to Fe(OH) 3 may be subject to transformation upon reaction with dissolved sulfide:
Sulfide then may eliminate sorbed As(III) from the surface of Fe(III)OAs(OH) 2 via a ligand exchange reaction (Reaction 3), or As(III) may be mobilized via the reductive dissolution of Fe(III)OAs(OH) 2 by dissolved sulfide (Reaction 4) [110] :
Furthermore, phosphate ions present in water also may react with As-bearing Fe(III) minerals, resulting in much greater As concentrations in groundwaters [111] .
Application of some phosphate-containing fertilizers is the major cause of high As concentrations in groundwaters in these areas.
Oxidation of Sulfide Minerals
The primary source of As in the environment is the oxidation of As sulfides, such as FeAsS and FeS 2 minerals. Oxidation of As-bearing sulfides is recognized as an important cause of As contamination of groundwater due to production of acid drainage containing toxic inorganic pollutants at higher levels. In oxygen-rich waters, As is released predominantly through pyrite and FeAsS minerals. Arsenopyrite is the most common As-bearing mineral, and FeS 2 is found commonly in gangue sulfide minerals associated with ore deposits, which have a serious impact on mine drainage [1, 37, 71] .
Arsenic Release from Pyrite
FeS 2 oxidation takes place via several reaction pathways; the first step involves the chemical oxidation of FeS 2 in the presence of dissolved oxygen (DO), resulting in a certain amount of As in groundwaters. This reaction may be expressed as follows [37] :
The second possible pathway is the oxidation of FeS 2 by aqueous nitrate at pH >5 [20, 37] . In groundwater supplies affected by nitrogen as the result of human-induced activities, nitrates may act as an oxidant for the oxidation of sulfide minerals deposited in aquifer sediments (Reaction 6):
The Fe(III) ions that have accumulated in aquifers also can oxidize FeS 2 (Reaction 7), and Fe(II) produced in this reaction may be oxidized further to Fe(III) (Reaction 8):
Reaction 8 is a slow process under abiotic conditions; nevertheless, extremophilic bacteria such as Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans can concentrate Fe(III) ions by complexation through uronic acids or other residues present at the mineral surface, allowing an oxidative attack on the sulfide and thereby enhancing the dissolution of the metal sulfide [112] . The oxidation of Fe(II) to Fe(III) and As adsorption on Fe(OH) 3 also depend on the DOC content and pH in groundwater [113] . In water with neutral pH, most Fe(III) can exist in the solid or colloidal phase, which leads to the release and transport of As in drinking water aquifers. At near-neutral pH, dissolved Fe(III) would not be present at high concentrations unless it were complexed with DOC and, consequently, would be a less important oxidant than DO [5] . Thus, it is suggested that when Fe(OH) 3 is present as a coating on aquifer materials, As may be immobilized via adsorption, whereas if it is present as colloidal-size Fe(OH) 3 , As may undergo colloidal transport.
Arsenic Release from Arsenopyrite
Dissolution of FeAsS also is of environmental concern and therefore has received much attention in recent years. FeAsS can be oxidized by Fe(III), a process more than 10 times faster than oxidation of FeS 2 [114, 115] . This oxidation reaction is catalyzed in the presence of microorganisms, including T. ferrooxidans, and its role in releasing As from FeAsS present in leachate has been documented [114] . The first step in this process involves a slow but strong adhesion of bacteria onto mineral surfaces; the appearance of a surface phase of elemental sulfur; the weak solubilization of Fe(II), As(III), and As(V); and the presence of the first corrosion patterns, which follow the fragility zones and the crystallographic orientation of mineral grains [114, 115] . After this short step, growth of the unattached bacteria begins, while ferrous ions in solution are oxidized by them. The Fe(III) ions produced by the bacteria can oxidize the sulfide directly and are then regenerated by Fe(II) bacterial oxidation. At that point, a bioleaching cycle occurs and a coarse surface phase of ferric arsenate (FeAsO 4 · 2H 2 O) and deep ovoid pores appear. At the end of the bioleaching cycle, the high concentration of Fe(III) and As(V) in the solution promotes the precipitation of a second phase of amorphous FeAsO 4 ·4H 2 O in the leachate. Then, the bio-oxidation process tends to cease. The bacteria attached to the mineral surfaces are coated by the ferric arsenates, and the concentration of Fe(III) on the leachate tends to decrease greatly [107, 114] .
The release of As from FeAsS is a highly pH-dependent process, and the dissolution of As is favorable in the pH range of 1.8 to 6.4, whereas it is reduced to a minimum in the range of 7 to 8. This may be the result of oxidation of Fe 2+ to hydrous ferric oxide with attenuation of dissolved As onto the freshly precipitated hydrous ferric oxide, which can strongly adsorb both As(V) and As(III) species [107, 115] . Thus, in the presence of excess hydrous ferric oxide, reductive dissolution of iron may be the dominant mechanism by which As is released into the solution. Dissolved As(III) may be reversed into a solid phase by adsorption of As(III), by forming an iron precipitate: Fe(OH) 3 . Under high-pH conditions, this Fe(OH) 3 is the most dominant species and can adsorb or coprecipitate the As. The overall reaction of oxidation may be expressed as follows [37] :
Both As and sulfate may be released from FeAsS in an approximate 1:1 molar ratio, suggesting that the oxidative dissolution by oxygen under circumneutral pH (6.3-6.7) is congruent [116] . The reduction of As(V) increases its solubility at circumneutral pH. The rate of FeAsS oxidation reaction was determined to be 10 −10.14 ± 0.03 mol m −2 s −1
, which essentially is independent of DO over the geologically significant range of 0.3 to 17 mg/L. Kinetics of the FeAsS oxidation process indicate that the rate-determining step in FeAsS oxidation is the reduction of water at the anodic site rather than the transfer of electrons from the cathodic site to oxygen, as observed in other sulfide minerals, such as FeS 2 [116] .
Geochemical Processes in Controlling Arsenic Mobility and Transformation
Adsorption is the most prominent geochemical process that controls the mobility and transport of As in groundwaters. Adsorption reactions between As and mineral surfaces generally are the most critical phenomena in controlling the dissolved concentrations of As in groundwaters. Adsorption of As depends on several external factors, such as solid surface, pH, Eh, concentration of As and competing ions, and As speciation [5] . Redox-active oxide surfaces of iron, aluminum, and manganese minerals are potentially the most important sources of As in aquifer sediments [107] . The adsorption properties of these oxides generally are a result of the presence of surface functional groups containing OH groups. When metal ions on the oxide surface are exposed to bound water, they can complete their coordination shells with OH groups, and depending on pH, these OH groups may bind or release, developing a surface charge that often is associated with adsorption properties governing a particular adsorption mechanism [6, 39] . It is reported that As(V) adsorption takes place in the net release of OH − at a pH range of 4.6 to 9.2, whereas
As(III) adsorption results in net OH − release at pH 9.2 and net H + release at pH 4.6 [2, 39] .
Arsenic Adsorption on Iron Oxides
The solubility of As in groundwaters is strongly influenced by adsorption at the Fe(OH) 3 surfaces, which exist as discrete particles or as coatings on other mineral surfaces. Both As(V) and As(III) may be adsorbed and coprecipitated on Fe(OH) 3 , depending on several important factors, including pH, the amount of Fe(OH) 3 deposited, and the concentration of other competing ions found in the medium. The adsorption of As onto Fe(OH) 3 occurs mainly at the oxic/anoxic boundary, referred to as ferrihydrite (Fe 2 O 3 ·2H 2 O), which has a large specific area resulting in an increased adsorption capacity. Ferrihydrite plays a significant role in controlling dissolved As concentrations and limits the mobility and bioavailability of As(III) and As(V). Adsorption occurs via ligand exchange of the As species for OH 2 and OH − in the coordination spheres of the surface structural Fe atoms [39, 117] . One of the most important key parameters that may affect the adsorption of As(III) and As(V) is pH. The greatest adsorption of As(V) usually occurs at low pH values (pH 3-6) and decreases with increasing pH (pH >6) [118, 119] . Greater adsorption of As(V) at low pH is attributable to more favorable adsorption energies between the more positively charged surface and negatively charged H 2 AsO 4 − , which is the predominant As(V) species between pH 2 and 6. Because HAsO 4 − becomes the predominant aqueous species at pH >6, the surface charge tends to be less positive; therefore, causing adsorption is less favorable. However, even at pH 10, some surface functional groups can exchange As(V) [5] .
The kinetics of As(V) adsorption by ferrihydrite was investigated at a pH range of 7.5 to 9.0 [120] . The study revealed that a period of rapid (<5 min) As(V) adsorption from solution is followed by continued adsorption for at least 8 days as As(V) diffuses to adsorption sites on ferrihydrite surfaces within aggregates of colloidal particles [120] . The adsorption of As(III) with the ferrihydrite is a fast process compared with that of As(V) [119, 121] .
Arsenic Adsorption on Aluminum Oxides
Oxides and hydroxides of Al also have significant adsorption capacity for As. Because the Al(III) atom has the same charge and a nearly identical radius as the Fe(III) atom, the common hydrous Al oxide phases are structurally similar to hydrous ferric oxide [5] . As(V) species such as CH 3 AsO(OH) 2 and (CH 3 ) 2 AsOOH can be absorbed by amorphous Al(OH) 3 , crystalline Al(OH) 3 (gibbsite), α-Al 2 O 3 , and β-Al 2 O 3 up to 7.0 pH, and adsorption decreases significantly at higher pH values, whereas As(III) adsorption increases with increasing pH. The adsorption of As(III) onto α-Al 2 O 3 increases with increasing pH from 3 to 4.5, whereas adsorption decreases with increases between pH 4.5 and 9.0 [122] . However, As(V) adsorption decreases with increasing pH from 3.5 to 10. The As(III) inner-and outer-sphere adsorption coexists, whereas for As(V), inner-sphere complexes are predominant [123] . Chemical models also confirmed that arsenate adsorption occurs over a pH range of 4.5 to 9 on gibbsite and amorphous Al hydroxide [51, 118] . The degree of crystallinity of Al oxides and hydroxides also is important for As adsorption. Under comparable experimental conditions, x-ray amorphous material tends to absorb more As(V) per gram than crystalline and gibbsite [5, 124] .
Arsenic Adsorption on Manganese Oxide
The oxidation of As(III) to As(V) by manganese oxide is an important process in the natural cycling of As, as well as in reducing the concentration of dissolved As(III) in groundwater systems. As(III) is oxidized by MnO 2 followed by the adsorption of the As(V) reaction product on the MnO 2 solid phase. The As(V)-MnO 2 complex likely is a bidentate binuclear corner-sharing complex occurring at MnO 2 crystallite edges and interlayer domains [100, 125] . Manganese oxides may act as an electron acceptor in the oxidation process and therefore can adsorb significant amounts of As. The birnessite groups are the most common Mn oxides derived from weathering processes, and they possess a net negative surface charge at pH values common in groundwater [5, 126] . As(III) oxidation occurs directly via a surface mechanism, with no effect on DO concentration, and the oxidation product, As(V), is adsorbed almost as quickly, whereas release of the reduction product, Mn(II), is slightly slower [20] . Reductive dissolution of synthetic birnessite by arsenious acid (H 3 AsO 3 ) proceeds in two steps [127] . The first step is associated with the reduction of Mn(IV) to Mn(III), producing an intermediate reaction product, MnOOH* (Reaction 10), which is a combination of Mn(III), hydroxyl, and H 2 O, according to x-ray photoelectron spectroscopic data:
In the second step, MnOOH* may react with H 3 AsO 3 to release Mn(II) to the solution (Reaction 11):
This oxidation process transforms a toxic species of As [As(III)] to a less toxic aqueous species, which further precipitates with Mn 2+ as a mixed As-Mn solid characterized by a low-solubility product. The ion activity product of Mn(II) and As(V) is the solubility product of a protonated manganese arsenate, and this precipitation reaction may be expressed as follows. The manganese arsenate precipitate formed in the reaction may aggregate and adsorb on the edges of Hbirnessite layers (Reaction 12) [128] :
The oxidation of As(III) and adsorption of As(V) may be catalyzed by specific microorganisms present in the medium. The oxidation of As(III) and adsorption of As(III/V) may be induced by biogenic manganese oxide formed by a manganese oxide-depositing fungus [6, 129] . Biogenic manganese oxide with a low proportion of Mn(II) may increase the oxidation rates of As(III) significantly, resulting in great adsorption capacity; hence, this study provides insights into the applicability of Mn-depositing microorganisms in the biologic treatment of As-contaminated waters.
Arsenic Adsorption on Clay Minerals
Adsorption and oxidation/reduction reactions of As at clay mineral surfaces also play a crucial role in the natural attenuation and transformation of As in groundwater systems. Aluminosilicate clay minerals are composed of alternating layers of silica oxide and aluminum oxide, providing several types of binding sites to adsorb a variety of metal ions [130] . The OH groups associated with Al ions bound on the surface of clay particles act as proton acceptors, forming anionic species of As. Three types of clay minerals have been used successfully to oxidize As(III), suggesting that the oxidation and adsorption of As(V) product take place on the surface of clay minerals and that the oxidation rate and adsorption capacity are affected by the type of clay mineral [101] . Adsorption of As(III) on several clay minerals, such as kaolinite, illite, montmorillonite, and amorphous aluminum hydroxide [amAl(OH) 3 ], is a function of pH as well as ionic strength, and the oxidation of As(III) to As(V) is enhanced by heterogeneous oxidation on kaolinite and illite surfaces [131, 132] . Maximum adsorption of As(V) by kaolinite, montmorillonite, illite, halloysite, and chlorite may occur up to pH values near 7 and decrease with further increases in pH. The adsorption process also may be affected by competing anions, such as phosphate (P), chromate, sulfate, and molybdate, present in the medium. Maximum adsorption of arsenate on kaolinite, montmorillonite, and illite occurs at pH 5, 6, and 6.5, respectively, and the adsorption rate decreases in the presence of competing anions, such as phosphates [133, 134] . Surface area is another important key factor affecting the adsorption of As by clay minerals. It is reported that montmorillonite can adsorb approximately twice as much As(III) and As(V) as kaolinite, because the surface area of montmorillonite is just over two times greater than that of kaolinite [135] .
Worldwide Distribution of Arsenic
The occurrence and distribution of elevated As concentrations in groundwaters have received much attention in the recent decade, because most groundwater systems are considered an essential source of drinking and irrigation water in rural areas throughout the world. Concentrations of naturally occurring As in groundwater systems in different parts of the world may fluctuate according to climate and geologic conditions. During the past decade, As-rich groundwaters have appeared to be developing at an alarming frequency, and contamination of groundwaters with geogenic As poses a major health risk for many people worldwide. The occurrence and distribution of As globally have been predicted by using a variety of model parameters. Thus far, more than 70 countries with a population of more than 140 million have been affected by Ascontaminated groundwaters. Hence, understanding the global occurrence and distribution of As in groundwaters would pave the way to controlling and mitigating the serious problems associated with As pollution. Figure 4 and Table 1 demonstrate highly vulnerable regions with groundwaters containing As at elevated concentrations distributed worldwide.
Southeast Asia
The occurrence and distribution of high concentrations of naturally occurring As in the groundwaters of the Southeast Asia region, particularly in the densely populated river deltas, have received much attention in recent years [22, 136] . Countries of particular concern in this region include Bangladesh, West Bengal (India), China, Vietnam, Taiwan, Thailand, and Nepal because of widespread problems associated with As within their populations [1, 13, 137, 138] . Arsenic found in the Ganges-Meghna-Brahmaputra basin in southern Asia is an important example of natural contamination. In Southeast Asia, groundwater is a significant source of daily inorganic As intake in humans. It is estimated that more than 100 million people in this region are at risk from groundwater As contamination, and so far, more than 700,000 people have been affected by As-related diseases [17] . Most groundwaters used for drinking water in rural areas of this region have been found to be contaminated with As at levels exceeding the WHO drinking water guideline of 10 μg/L [21, 22] .
Bangladesh and West Bengal (India)
The original source of groundwater As in the GangesMeghna-Brahmaputra basin (India and Bangladesh) may have been the formation of the Himalayan orogenic belt by deep-seated tectono-magmatism resulting in the introduction of As to the surficial system by unearthing, after which it was transported by sedimentary processes to the peripheral foreland basin, where solid-phase As is released to the circulating groundwater by biogeochemical processes [139] . The ingestion of contaminated As (directly and/or indirectly through the food chain; i.e., arsenite and arsenate) was reported to induce carcinogenesis and cardiovascular disorders in Bangladesh and West Bengal, India [23] [24] [25] [26] (http://www.sos-arsenic. net/). In Bangladesh, at least 25 million to 40 million people recently were exposed to As concentrations above the national limit of 50 μg/L [14] . It is estimated that more than 5.6 million people currently are consuming drinking water containing more than 200 μg/L of As, a level more than 20-fold greater than the WHO-recommended value [14] . Shallow hand tube wells are the main source of drinking water in many rural areas of Bangladesh. An analysis of 521 groundwater samples collected from 144 wells from 2009 to 2011 found that high As concentrations in groundwater correspond to black sediments with an average concentration of 239 μg/L, which by far exceeds the safe drinking water standard of Bangladesh (50 μg/L) [58] . However, average As concentrations in 39 tube wells in which red sediments were observed were lower than the WHO guideline value of 10 μg/L, implying safe water with regard to the Bangladesh drinking water standard for As (50 μg/L) [58, 140] . Consuming high levels of As indeed is the main cause of the arsenicosis symptoms reported among at least 40,000 people living in the most vulnerable locations of Bangladesh. Moreover, this study identified 492 As-affected villages in 141 police stations of 42 As-affected districts in Bangladesh. Among the water samples collected, about 59 % contained As levels greater 50 μg/L, with 93 % of those samples, on average, containing As in concentrations above the toxic level. Six districts of West Bengal, covering an area of 34,000 km 2 with a population of 30 million, have As groundwater concentrations exceeding the permissible limit [141] . At present, 37 areas of these six districts near the Ganges River are highly affected, and more than 800,000 people from 312 villages use As-contaminated water for drinking; approximately 175,000 of them have developed arsenical skin lesions [141, 142] . Groundwater is used extensively for drinking in Bangladesh, and about 6 million to 11 million tube wells currently are in use, about a quarter of which have As at concentrations exceeding the national drinking water standard (50 μg/ L) [143] . Recent reports estimate that as many as 35 million people are drinking As-contaminated groundwater in Bangladesh. Southeast Bangladesh is recognized as the region most affected; here, the sediments are of the Holocene age and As concentrations in groundwater frequently exceed 200 μg/L [143] . In Bangladesh, As is predominantly of natural origin, and problems may arise with even minute quantities. The mobilization and transfer of As in groundwater systems do not occur via the oxidation of FeS 2 , as some articles suggest [108, 143] . However, the aquifers overlain by finer sediments contain greater concentrations of As in groundwater, whereas As concentrations are remarkably low in aquifers with permeable sandy materials or a thinner silt/clay layer at the surface. This near-surface lithology controls spatial distributions of groundwater As within very shallow depths (<15 m). Shallow alluvial aquifers may provide drinking water with low As concentrations in many areas of Bangladesh [143] .
The high As concentrations in Bangladesh groundwaters may be the result of a combination of factors, such as (i) younger Holocene sediments, which can undergo rapid change from an oxidizing to a reducing environment following sediment burial; (ii) the desorption and dissolution of As from iron oxides found in sediments; and (iii) the very low hydraulic gradients throughout much of Bangladesh, meaning that groundwater flow is very slow, which combined with the "young" age of many of the sediments, reduces the natural flushing of the shallow aquifer, allowing any mobilized As to accumulate in the groundwater [14] . The high rate of sediment deposition in Bangladesh and the Indian part of the Bengal Basin suggests that the chance of a well receiving As-rich water likely is relatively high compared with smaller deltas and other alluvial environments where the sedimentation rate is much lower [143] .
High levels of As concentrations (>10 μg/L, the WHOrecommended guideline) have been reported in the groundwaters of 14 (of 19) districts in West Bengal, including Kolkata metropolitan city (India) [144] . More than 9.2 million inhabitants in West Bengal are drinking Ascontaminated groundwater (>10 μg/L) [144] . According to a previous report, in the combined regions of West Bengal (India) and Bangladesh, about 50 million inhabitants are potentially at risk from As-enriched groundwater [4, 12, 59, 60, 104, [144] [145] [146] [147] [148] . In North 24 Parganas district (India), one of the worst As-affected districts in West Bengal (India), 50 % of the tube wells are contaminated with As concentrations greater than the WHO limit (10 μg/L) and 2.0 million inhabitants (one third of the total population of the district) are exposed to As-contaminated drinking groundwater [60] .
The Moyna and Ardebok villages (peri-urban villages of North 24 Parganas) are severely contaminated with groundwater As [15] . A recent report indicates that of the 2467 residents of Moyna and Ardebok villages, 17.3 % are using safe drinking water (>10 μg/L of As), whereas 57.7 % are using As-contaminated (>50 μg/L) drinking water [15] . The district of Nadia is another region in West Bengal (India) where groundwater is highly contaminated with As [15, 59, 60] . In 2014, Rahman et al. [60] reported that 51.4 and 17.3 % of the tube wells had As concentrations above 10 and 50 μg/L, respectively. In this article, the authors also reported that the groundwater of all 17 blocks of Nadia shows As concentrations above 50 μg/L (maximum, 3200 μg/L) [60] . Furthermore, their research indicates that about 2.1 million and 0.6 million people are using water contaminated with As at concentrations greater than 10 and 50 μg/L, respectively, for drinking; moreover, 0.048 million people are living with high health risks from drinking water contaminated with As concentrations greater than 300 μg/L, the level at which arsenical skin lesions are predicted to occur [60] . Besides the state of West Bengal, some parts of the states of Bihar (the middle Ganga plain, Bihar, India; e.g., Semria Ojha Patti village) [62] and Uttar Pradesh (upper and middle Ganga plain, India) are severely contaminated with As-rich groundwater [63] . One study of 4780 tube well water samples from three districts (Ballia, Varanasi, and Ghazipur in Uttar Pradesh in the upper and middle Ganga plain, India) revealed that As concentrations exceeded 10 μg/L in 46.5 %, 50 μg/L in 26.7 %, and 300 μg/L in 10 % of the samples (maximum As concentration level, 3192 μg//L). Furthermore, the report indicated that of the 989 villagers (691 adults, and 298 children) screened, 137 (19.8 %) of the adults and 17 (5.7 %) of the children had arsenical skin lesions, arsenical neuropathy, or adverse obstetric outcomes [28] .
The individuals in the aforementioned studies were exposed to high As concentrations mainly through different direct and indirect exposure pathways, such as the drinking of As-enriched groundwater [47] and ingestion of Ascontaminated food (food grains and vegetables) [149] [150] [151] . Ingested As accumulates in the hair, nails, and other tissues of the human body, with the excess partly released through urine, which is why hair, nail, and urine are the primary bioindicators of As contamination. The research reported from the peri-urban villages of Moyna and Ardebok (North 24 Parganas, India) indicates that the As concentrations in hair, nail, and urine samples increased with age, peaking at 29 to 56 years of age [15] . Subjects younger than 14 years had the lowest As concentrations [15] . Biswas et al. [151] also reported lower As concentrations in hair and nail samples from children compared with adults in the Samta village of Bangladesh. Nath et al. [152] reported similar findings in their study population of Baruipur, South 24 Parganas district, West Bengal. Medical screening in the Bangladesh region [153] showed that most of the study populations were affected by keratosis and melanosis, whereas a few subjects were affected by chronic bronchitis and whole-body infection. In the West Bengal region, the individuals studied exhibited a full range of arsenical skin lesions, including hyperkeratosis, Bowen's disease (suspected), and non-healing ulcers (suspected cancer) [15, 23, 154] . Furthermore, a significant number of people in the Bhagirathi (India) and Padma-Meghna (Bangladesh) sub-basins are affected by As-contaminated groundwater, and the number is increasing daily.
Nepal
Elevated concentrations of As have been found in the groundwaters of Nepal, used as a major source of drinking water. Since the pioneering studies by Tandukar [155] , As-rich groundwater has been recognized as a serious public health concern in Nepal. Arsenic concentrations are particularly high in the Terai alluvial plain (TAP), comprising 20 districts and home to approximately 47 % of the total population, 90 % of whom are using groundwater for drinking [156] . It is estimated that about 0.5 million people are at risk for As poisoning, and 3.5 million people are being exposed to As levels between 10 and 50 μg/L [156] [157] [158] . Recent studies reported a 1.3 to 5.1 % prevalence of arsenicosis-related dermatosis, and the amounts of As accumulated in hair and nail samples are much higher than the acceptable level [158] .
Hydrochemical data from shallow wells ranging in depth from 7 to 55 m in the southwestern part of Nawalparasi district in the Terai belt suggest a predominant reducing character with high HCO 3 − and low SO 4 2 − and NO 3 − concentrations [157, 159, 160] . Elevated HCO 3 − levels primarily are a result of the oxidation of organic matter associated with the sediments. Low levels of NO 3 − coupled with elevated NH 4 + concentrations in well water samples suggest dissimilatory nitrate reduction in the TAP aquifers. The redox levels (Eh < − 0.2 V) measured at the well heads are low, triggering the reduction of Fe(III) and Mn(IV) oxides in the aquifer sediments of the region. The sequence of redox reactions or terminal electronaccepting processes prevalent in the TAP aquifers plays a critical role in mobilizing As through the natural interaction between the aqueous phases and the aquifer sediments under anoxic conditions in the groundwater environment of the Terai aquifers [156] [157] [158] [159] [160] .
China
China also is recognized as a highly As-affected region. An analysis of groundwaters from 20 of 34 provinces revealed high levels of As contamination [161] [162] [163] , and most of the As-contaminated groundwater systems are located in the arid to semiarid inland basins as well as river deltas [161, [164] [165] [166] . Shallow groundwaters, distributed mostly in northwestern China, contain high As concentrations in alluvial-lacustrine or lacustrine sediment aquifers while the fluvialmarine sedimentary aquifers in the river deltas mostly are responsible for the highest As contamination of groundwaters in China [48, [165] [166] [167] [168] [169] [170] [171] . The use of As-contaminated groundwaters for drinking was first recognized in the 1960s [172] . Recently, it was documented that 19.6 million people in China are at risk of being affected by consuming naturally occurring high As concentrations in groundwater [172] . As a result, many people in rural areas have been exposed to chronic As poisoning, and more than 20,000 cases of arsenicosis recently were identified and confirmed [172] . The provinces of Xinjiang and Shanxi, as well as parts of Inner Mongolia, have been identified as the main locations in which problems related to As contamination are severe. Some regions of Inner Mongolia, such as Keshenketeng county, the Hetao Basin, and the Huhhot Basin, covering an area of approximately 3000 km 2 with more than one million people, are highly affected by excessive As concentrations in groundwater (>50 μ/ L) [164] . It also is estimated that at least 3000 people living in 776 villages have arsenicosis symptoms [161-164, 172, 173] .
Arsenic contamination in the Huhhot alluvial basin is of particular concern because of the existence of As at elevated concentrations in groundwaters under metal-reducing redox conditions [48, 164, 168] . Groundwater systems in the areas of the Huhhot Basin have been greatly affected by weathering of feldspars and equilibrium with some minerals, such as gibbsite and anorthite [48] . The mobilization of As and its transport into the groundwater possibly occur as the result of recharging water flows via the various types of rock minerals found in the surrounding mountain areas of the basin. The major mechanism of As mobilization in the Huhhot Basin is microbially mediated reductive dissolution of metal oxides and hydroxides [48] . The median As concentration in 37 of 45 groundwater samples collected from the basin was found to be 0.7 μM, more than fivefold greater than the WHO maximum contaminant level (10 μg/L). It also was reported that the total As concentration at shallow depths of the basin is ≥19 μM [48, [164] [165] [166] [167] [168] [169] [170] . These high As levels in shallow aquifers of the basin likely are the result of many biogeochemical and redox transformation processes triggered by the recharged waters associated with other redox-sensitive species, including Fe and Mn [48, [169] [170] [171] . In the Huhhot Basin, redox conditions are attributed mainly to the SO 4 2− reduction based on high HS − concentrations [48, 169, 171] .
In the Ba Men region of Inner Mongolia, As is contaminating groundwaters at a maximum concentration of 1200 μg/L, which is far higher than China's national standard for drinking water (50 μg/L) [172, 173] . Individual drinking water wells in this region have been found containing As in the range of 20 to 300 μg/L; hence, areas of chronic arsenism are widely here [173] . Many groundwaters distributed in the Hetao Basin of Inner Mongolia, northern China, also have high As concentrations, ranging from 76 to 1093 μg/L [167] [168] [169] . Based on the geochemical analysis of aquifer sediments of the northwestern Hetao Basin, total As concentrations are reported to be in the range of 6.8 to 58.5 mg/kg, with a median of 14.4 mg/kg [168] . As mobilization from aquifer sediments into groundwater systems of the Hetao Basin is governed predominantly by the reductive dissolution of Fe oxide minerals, and this process may be enhanced by indigenous microbes, such as Pseudomonas, Dietzia, and Rhodococcus, associated with the sediments [171] .
Vietnam and Cambodia
In Vietnam also, groundwater contamination by As poses a serious health threat to millions of people [174] . Arsenic levels are elevated in groundwaters of the Holocene and Pleistocene aquifers as well as in the Red River Delta in the city of Hanoi [174, 175] . The groundwaters tend to be anoxic because of naturally occurring organic matter in the river sediments and are rich in iron minerals. With an average As concentration of 159 μg/L, the contamination levels vary from 1 to 3050 μg/L in rural groundwater samples from private small-scale tube wells. In one highly affected rural area, groundwater used directly for drinking has an average As concentration of 430 μg/L [175] . Most family-based tube wells tap the Holocene aquifer, whereas the Hanoi waterworks extract more than 600,000 m 3 /day of groundwater from the Pleistocene aquifer [175] . High and low levels of dissolved As may be seen in average concentrations of 121 and 21 μg/L, respectively, at the river bank, and medium levels of dissolved As, averaging 60 μg/L, may be found in an area of buried peat and excessive groundwater abstraction [175] . Reductive dissolution of iron oxyhydroxides and oxidation of sulfide phases associated with sediments likely are the major mechanisms responsible for the mobilization of As into groundwaters [69, 175] . The high As concentrations found in tube wells in the Mekong and Red River Deltas in Vietnam and Cambodia present a considerable risk of chronic As poisoning to several million people who consume untreated groundwater for drinking [69] .
Taiwan
Elevated As levels in groundwater were found in two neighboring catchments including the Chianan Plain and the southern Choushui River alluvial fan in Taiwan [21, 67, 137, 162, 176] . The reduction potential in the Chianan Plain is stronger than that of the Choushui River alluvial fan, and the difference in reduction potentials between these two vicinal areas is believed to be the cause of the exceptional concentrations of As in groundwaters [177, 178] . The reductive dissolution of Asrich Fe-oxyhydroxide is the major mechanism responsible for the release of As into the groundwater in the Chianan Plain and the Choushui River alluvial fan [67, 177, 178] . Groundwater wells in southwest Taiwan also show considerable As contamination, on the average of 672 μg/L of total dissolved As, whereas interestingly, the wells of Hsinchu in northwest Taiwan show levels less than 0.7 μg/L. It is reported that the dominant As species of these wells is As(III), with an average As(III)/As(V) ratio of 2.6 [21, 179] .
High As concentrations also have been reported in both aquifers and aquitards in the southern Choushui River alluvial fan, and these elevated levels have a direct impact on the contamination of shallow groundwaters (Table 1) [67, 177, 178] . Most groundwater As associated with the river originates from the aquitard of marine sequence; hence, the high As levels in marine formations with a high clay content may lead to the bioaccumulation of As in sea organisms. Some geochemical models have demonstrated that As(III) is the dominant As species in groundwater in the Chianan Plain of southwestern Taiwan, and the presence of Fe-bearing carbonates, sulfides, and oxide phases may act locally as potential sinks for As [138] . A significant number of bladder cancers due to ingestion of As have been reported in an arseniasisendemic area in southwestern Taiwan, where many households in a village share only a few wells for drinking. However, in some arseniasis-endemic areas in northeastern Taiwan, each household tends to have its own well for drinking water [177] [178] [179] . This likely is the main reason for the significantly increased incidence of As toxicity reported in the general population of Taiwan.
Thailand
In Thailand, As so far has not been determined to be mobilized naturally from geogenic sources. Instead, anthropogenic sources, such as tin mining, farming, and ore dressing plant wastes, have contributed greatly to the significant emission of As, resulting in large-scale As contamination of groundwater systems there [36] . More recently, As concentrations >700 μg/L in groundwater in shallow wells have been reported, exceeding the WHO guideline for drinking water by a factor of 70 [17] . The Ron Phibun district in Nakhon Sri Thammarat province on Thailand's southern peninsula is a well-known As-affected area. In 1987, skin manifestations due to chronic As poisoning were first diagnosed among the district's population [34, 36] . In this region, the main source of high As levels in the groundwater is FeAsS, likely the result of mining processes during the past 10 decades. High rainfall tends to leach As from mining sites, leading to the contamination of soil, groundwater, and surface water over an area greater than 500 km 2 in the district. Moreover, the Mae Moh open-pit lignite mine and associated power stations in Lampang province in northern Thailand are considered major As environmental fluxes. Bashkin and Wongyai [36] estimated the average As concentrations in borehole lignite, fly ash, reservoir bottom sediment, mine sump water, and Mae Moh reservoir water to be 515 mg/kg, 312 mg/kg, 5213 mg/kg, 325 mg/kg, and 8 μg/L, respectively.
The USA Naturally occurring As in groundwaters at moderate or high concentrations has been documented in several parts of the USA, including the western states and parts of Maine, Michigan, Minnesota, South Dakota, Oklahoma, and Wisconsin. Widespread As concentrations in the western USA generally are associated with specific geochemical environments, such as basin-fill deposits of alluvial-lacustrine origin, particularly in semiarid areas, volcanic deposits, geothermal systems, thermal springs, and uranium and gold mining areas [3, 37, 91] . Alluvial and lacustrine sedimentary deposits are considered an important source of As in volcanic areas, such as Lane County, Oregon, and in areas underlain by basinfill deposits, such as the Carson Desert in Nevada and the Tulare Lake basin in California. Arsenic in sedimentary aquifers is mobilized partially by changes in the geochemical environment due to agricultural irrigation. On the other hand, the compaction caused by groundwater withdrawal may result in high As concentrations in the deeper subsurface. Geothermal water and high evaporation rates also are associated with As concentrations greater than 10 mg/L in groundwater in the western USA.
Concentrations of dissolved As in groundwaters in alluvial basins of Arizona have been recorded as high as 1300 μg/L, far exceeding the WHO standard limit (10 μg/L) [180] . In this area, As occurs mainly in the fully oxidized form of As(V), most likely as HAsO 4 2 -, under oxidizing and specific pH conditions [180] . The sources of As in the basins are the sulfide and arsenide deposits found in mineralized areas of the surrounding mountains, where As is oxidized to soluble forms before being transported into the basins. Under oxidizing conditions, As in the Arizona groundwater is controlled in part by sorption or desorption of HAsO 4 2 -on active ferric oxyhydroxide surfaces [180] . The concentration and speciation of As exhibit systematic changes along the Carrizo Sand aquifer flow path, depending on changes in dissolved Fe(II) and Fe(III) concentrations, dissolved sulfide concentrations, pH, and alkalinity [181] . The speciation, mobility, and transformation of As in the Carrizo Sand aquifer are governed by certain mechanisms, such as ferric iron reduction, adsorption, and pH-related desorption [181] .
Europe
Many countries in Europe, including Greece, Hungary, Romania, Croatia, Serbia, Turkey, Italy, and Spain, are significantly affected by elevated As concentrations in groundwater [2, 3, 7, 8, [85] [86] [87] [88] . Among these nations, Greece is of particular concern because many of its groundwater resources contain large amounts of As. Geothermal-affected waters, the alluvial deposits of rivers, and aquifers have been identified as major sources that directly contribute to As release into groundwater [87, 88] . Arsenic concentrations in geothermal waters vary from 30 to 4500 μg/L; in the regions close to alluvial deposits, they vary from 15 to 100 μg/L and in areas affected by mining activities from 20 to 60 μg/L [7] . Arsenic concentrations in groundwater in the volcanic regions of central and southern Italy are widely variable, ranging from <0.1 to 6940 μg/L [87] with variable hydrochemical characteristics [87] .
Other areas of Europe, such as the Pannonian Basin of Hungary and Romania, the Kütahya plain in Turkey, and the Chalkidiki region of Central Macedonia in northern Greece, are known for high As concentrations in the groundwater. Nearly 600,000 people living around the Pannonian Basin frequently are subjected to the danger of As toxicity [85, 88] . In Hungary, approximately 500,000 people are drinking water with As concentrations exceeding 10 μg/L. Arsenic dissolution in groundwater at an increased level is controlled by the mechanism of reductive dissolution of iron oxyhydroxides. In Romania, As is found mainly in the western plains, which belong to the Pannonian Basin, which is shared between Hungary and Romania, and where about 500,000 people are exposed to high As concentrations. In eastern Croatia, more than 200,000 people are affected by As concentrations of up to 610 μg/L in drinking water; here, reductive dissolution of iron oxyhydroxides is the main mechanism that releases As to groundwater. The Vojvodina region of northern Serbia belongs to the South Pannonian Basin, where As is present in average concentrations of 150 μg/L in groundwater, and more than 600,000 people-or 40 % of the population of the South Pannonian Basin-use drinking water with As concentrations higher than 10 μg/L [85, 88] .
Latin America
Although high As concentrations have a long history in Latin American countries, As levels in water resources increased sharply during the past few decades. Today, high As levels may be detected in ground and surface water in 15 of the 20 Latin American countries [30] . A population of more than 1.2 million in rural Argentina depends on groundwater where As concentration exceeds the WHO guideline as well as the national drinking water standard of 10 μg/L [77, 78] . The most affected regions are extensive areas of the Pampean Plain, some parts of the Chaco Plain, and some small areas of the Andean range, where drinking water wells contain 50 to 15, 000 μg/L of As [30, 46, 70, [76] [77] [78] [79] [80] [81] [82] [83] . The sedimentary aquifers in this region comprise Tertiary aeolian loess-type sediments in the Pampean Plain and predominantly fluvial sediments of Tertiary and Quaternary age in the Chaco region. Drinking water for the rural populations is supplied by the shallow aquifers and contains around 200 μg/L of As (nearly 30 % as As) as well as high concentrations of fluoride (2.1 mg/L) [30, 46, 70, [76] [77] [78] [79] [80] [81] [82] [83] .
Approximately 400,000 residents of northern Chile drink water from public supplies diverted from rivers in the Andes Mountains to the arid regions. However, many of these rivers have high levels of natural As, which often end up in northern Chile's drinking water [30, 182] . In the past, the public water system of Antofagasta (the largest city in this region) contained approximately 800 to 1000 μg/L of As, whereas other water supplies in northern Chile reportedly have As levels as high as 5000 μg/L [30] .
In groundwaters of the Zimapan valley and several surrounding towns in Mexico, high As concentrations are attributed to multiple sources which includes both natural and anthropogenic activities related to mining in the region. Arsenic levels in groundwater are recorded as high as 1100 μg/L [73, 74] , and shallow wells contaminated by mine tailings and fumes emanating from the smelters reportedly have As concentrations as high as 530 μg/L [75] . Elevated levels of natural As are also reported in groundwater from the unconfined alluvial aquifers in the region around Lagunera, causing adverse health effects in both people and livestocks [75] . Arsenic concentrations in the groundwater vary in the range of 5-750 μg/L, and extensive areas in the region are significantly higher than both the WHO drinking water guideline as well as the Mexican standard for drinking water (25 μg/L).
As in other volcanic regions where natural As contamination has been reported, the southern area of Lake Poopó in the Bolivian highlands, or the Altiplano, has elevated amounts of As in the water [3, 183, 184] . Samples of ground and surface water collected from 24 different sites, including drinking water wells and rivers, in the southern Poopó basin revealed various levels of As in shallow drinking water wells, from below detection level to 207 μg/L [3, 183, 184] . Many other occurrences of high As levels found in ground and surface waters in Central America, the Caribbean, and South American regions were reviewed extensively by Bundschuh et al. [30] .
Conclusions
The primary source of groundwater As is natural and derived predominantly from interactions between groundwater and aquifer sediments of minerals, including FeS 2 , FeAsS, and other sulfide minerals. However, mining is highly responsible as an anthropogenic mobilization for As contamination of groundwaters. The geochemistry of As is a complex phenomenon in the environment; it generally is a function of multiple oxidation states, speciation, and redox transformation. Mobilization of As from aquifer sediments into the groundwater is governed by four main natural geochemical processes: reductive dissolution, alkali desorption, sulfide oxidation, and geothermal activities. The mobility and transformation of As in groundwaters may be controlled by adsorption onto metal oxyhydroxides and clay minerals. The occurrence and distribution of high concentrations of naturally occurring As in groundwaters of the Southeast Asia region, the USA, and some European countries have received much attention in recent years. Countries in Southeast Asia, including Bangladesh, India (West Bengal), China, Vietnam, Taiwan, Thailand, and Nepal, are of particular concern because of widespread As-related health problems within these populations. The western USA, parts of Maine, Michigan, Minnesota, South Dakota, Oklahoma, and Wisconsin; Greece, Hungary, Romania, Croatia, Serbia, Turkey, and Spain in Europe; and many Latin American countries, including Mexico, Argentina, Chile, Bolivia, and El Salvador also are exposed to elevated concentrations of As in groundwaters. This worldwide distribution of As in groundwaters poses a significant risk to human health, irrigation, and agricultural activities. Hence, raising awareness through public education as well as direct action and enforcement by the national governments is an urgent necessity toward achieving sustainable As mitigation worldwide.
